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Abstract 
We present measurements of the bottom-quark production cross sections in pp 
collisions at fi = 1.8 TeV. From the inclusive electron production rate, we have 
determined the bottom-quark production cross sections to be (lOlOf270), (168f 
43), (37flO) nb for the rapidity range of ly*l < 1.0 and the transverse momentum 
ranges of pk > 15,23,32 GeV/c, respectively. In addition, from the associated 
electron-Do production rate, we have determined the bottom-quark cross section 
to be (364 f 80(stat.) f 95 (syst.)) nb for lybl < 1.0 and p\ > 19 GeV/c. 
PACS numbers: 13.65.Ni, 13.85.Qk 
The QCD-improved parton model provides quantitative predictions for the produc- 
tion of heavy quarks in hadron collisions. The short distance parton-parton cross sec- 
tions are calculated through a pertutbative expansion in the strong coupling constant, 
and then convoluted with the parton structure functions of the proton and antiproton. 
Calculations [l, 2, 31 in next-to-leading order have been performed, which predict large 
corrections to the leading order results. Comparison of these calculations with exper- 
iment can determine the importance of further higher order corrections. We report a 
measurement of the bottom quark production cross sections at l.g-TeV center-of-mass 
energy using semileptonic decays into electrons. A similar analysis, based on decays 
into muons, was first performed by the UAl collaboration at 0.63 TeV [4]. 
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The data were taken in 1988-89 using the Collider Detector at Fermilab (CDF) 
in the Fermilab Tevatron pp collider. The CDF detector is described in detail else- 
where [5]. In the central region (pseudorapidity In] 5 1.0) the central tracking cham- 
ber (CTC) provides momentum analysis for charged particles with a resolution of 
up~/p~ 5 O.O02pr, where m is the transverse momentum in GeV/c. Outside the coil 
are electromagnetic (CEM) and h a d ron (CHA) calorimeters which employ a projective 
tower geometry with a segmentation of A4 x An = 15” x 0.11. A layer of proportional 
chambers (CES), embedded near shower maximum in the CEM, provides a more pre- 
cise measurement of electromagnetic shower profiles both in azimuth (4) and beam (z) 
directions. 
Two electron triggers with ET thresholds of 7 and 12 GeV are used for this analysis, 
where ET is the transverse energy. The corresponding integrated luminosities are 
(0.22 * 0.02) and (4.2 ?c 0.3) pb-‘, respectively. The identification of electrons uses 
information from both the calorimeters and the tracking chambers by requiring 
s Longitudinal profile consistent with an electron shower, i.e., less than 4% leakage 
energy in the CHA. 
s Lateral shower profiles measured with the CEM [6] and the CES [7] consistent 
with test beam data. 
s Association of a single high pi track with the calorimeter shower based on position 
matching ( R]A+] < 1.4 cm and ]Az sin 81 < 2 cm on the CES plane) and energy 
to momentum ratio (0.75 < E/p < 1.4). 
Photon conversion electrons due to detector material, as well as the Dalitz decays 
of ~“‘5, are removed by looking for oppositely charged tracks which have small opening 
6 
angles with the electron candidates. The remaining backgrounds are photon conversion 
electrons whose partners have not been found, and charged hadrons which fluctuate 
to produce showers similar to those of electrons. The unseen conversion background is 
estimated to be (17 f 3)%, using a sample of conversion pairs identified independently 
with information from the vertex time projection chambers [a]. The fake hadron back- 
ground is estimated to be (17 * 5)% from the distribution of the energy fraction in the 
CHA. The relative amounts of both backgrounds are approximately independent of ET 
after the subtraction of W and 2 decay electrons described below. 
Figure 1 shows the ET distribution of electron candidates. The number of events 
triggered with the 7 GeV threshold is normalized to the integrated luminosity for the 
sample with the 12 GeV threshold. The shoulder above 25 GeV reflects the Jacobian 
peak from W and Z decay electrons. W electrons are removed by cutting on missing 
transverse energy. Z electrons are removed by cutting on the invariant mass of the 
electron with other electromagnetic clusters in the event. The ET spectrum after 
removing Drell-Yan and W and Z decay electrons, and subtracting residual photon 
conversions and charged hadrons, is also shown in Figure 1. 
Semileptonic decays of bottom and charm quarks are expected to be the dominant 
source of electron production. Since QCD is flavor independent, b- and c-quarks are 
expected to be produced at similar rates at high pi. The differences in the kinemat- 
ics in the quark fragmentation [9] and hadron decays, and in the electron detection 
efficiency, result in a relative enhancement of electrons from bquarks at high ET. For 
example, Monte Carlo calculations predict that charm decay electrons would account 
for only 10% of the observed electrons with ET above 10 GeV, if the bottom and charm 
production cross sections were equal at high pT 
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Two independent methods have been used to extract the charm fraction from the 
data. First, strange particles can be produced in both bottom (b -+ e-h, c -+ s) and 
charm (c + e+vs) semileptonic decays, but they have opposite charge correlations with 
the electron [lo]. We reconstruct K’(892) -+ K-T+, using charged particle tracks in 
the CTC. We observe a I?*’ peak in the K-x+ pairs with electrons, as expected for 
the b-quark decay chain, and we observe no significant peak in K+n- pairs. We obtain 
an upper limit of 30% at 90% C. L. for the fraction of charm decay electrons relative 
to the sum of bottom and charm in the observed electron sample. 
The second method uses the electron momentum component perpendicular to the 
jet axis, which reflects the mass of the parent hadrons and thus discriminates between 
bottom and charm decay electrons [4]. From the shape of this momentum spectrum, 
we obtain a charm fraction of (20 f lo)%. Using these two methods, we estimate the 
charm fraction to be (20 zb lo)%. Figure 1 shows the Monte Carlo spectral shapes 
expected for the 6 + c and c contributions, based on the b-quark production model of 
Nason, Dawson, and Ellis [2]. 
We use the kinematic relationship between the electron and the bottom-quark spec- 
tra to obtain the bottom quark production cross section integrated over a rapidity range 
lyl < 1.0 and over a pr range from a threshold J$@ to infinity. We use three electron 
ET intervals, 10-15, 15-20 and 20-25 GeV, with corresponding b-quark pp of 15, 23 
and 32 GeV/c, respectively. The b-quark pr thresholds are chosen so that 90% of the 
electrons in a given ET interval come from b-quarks of & and above. We use the 
relation 
(Ne- + N.+ W 
c’* = J’Ldt (R.-/&)Mc’ (1) 
where N.- (N.+) is the number of bottom decay electrons (positrons) observed in the 
data, after subtracting the fake-lepton and charm backgrounds, We have 22944 * 2761, 
2044f221, 316 i38 electrons and positrons for the three ET intervals, where the errors 
reflect the uncertainty due to the background subtraction and statistics. JCdt is the 
integrated luminosity for the data. (R.-/R ) b ~c is the ratio of the electron and the 
b-quark rates obtained using Monte Carlo events, where R.- is the number of electrons 
(not including positrons) passing the same geometrical, kinematical and identification 
cuts as in real data, and Rb is the number of b-quarks produced in the kinematic range 
(pr and rapidity). The overall factor of two is necessary to get the b-quark cross section 
(not including 6). 
In calculating (R.-/R~)Mc, b-quark jets are generated with the ISAJET Monte 
Carlo program [ll], where the b-quark pr spectrum is slightly modified to match the 
calculation by Nason, Dawson and Ellis [2]. The uncertainty in the ratio (R.-/R~)Mc 
due to the shape of the b-quark pi spectrum is estimated to be 8%, by comparing the 
electron ET shape in the real data and Monte Carlo events. The heavy quark fragmen- 
tation is modelled with the Peterson function [12] and tuned to reproduce the exper- 
imental results [9] from e+e- annihilation. The uncertainty in the fragmentation dis- 
tribution results in 15% uncertainty in the electron production rates. The weak decays 
of non-strange B-mesons are described by the CLEO Monte Carlo program [13], where 
semileptonic decays employ the model by Isgur et al. [14]. The quantity (R.-/R~)Mc 
includes the B hadron decay branching ratio into electrons. Although an electron 
can come from many stages of a B hadron decay, the primary decay b + e-tiA’ is 
the predominant source of the electrons observed. We use a CLEO measurement of 
B(B --* .!-FX) = 0.112 f 0.005 1151 for non-strange B-mesons, and assume the same 
value for other B hadrons. To find the electron detection efficiency, the Monte Carlo 
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events are passed through a detector simulation based on the calorimeter response for 
test beam particles. The estimated electron detection efficiency is 60 i 10% at 10 GeV 
and 30 f 5% at 25 GeV. 
All the systematic effects in estimating the Monte Carlo cross section ratio (Re-/Rb)~c 
are combined in quadrature with the uncertainties in the background subtraction in the 
electron sample, and in the luminosity measurement, to yield a 26% total systematic 
uncertainty. By evaluating eq.(l) for the three electron ET intervals, we obtain b-quark 
production cross sections for the rapidity range ly*l < 1.0 of 1010 & 270, 168 f 43, and 
37 f 10 nb, for the intervals pk > 15,23, and 32 GeV/c, respectively. 
A more direct signature for bottom production is the associated production of a 
charmed particle with the electron. We look for Do, which is expected from the decay 
&.d -+ e-i;D’X. Electrons triggered with the 12 GeV threshold are used for this 
study. The Do is identified through the K-a+ decay, using all oppositely charged 
CTC track pairs, where each track is required to be within a cone of radius 0.6 in n-4 
space around the electron. We also require the momentum of the kaon (pion) to be 
1.5 (0.5) GeV/c or above. We show in Figure 2 the invariant mass spectrum of Kx 
pairs. In B-meson decay the electron charge is identical to that of the kaon (“right 
sign” combination). We observe 68 zb 15 Do + K-a+ decays in the right sign pairs. 
The signal is absent in the wrong sign pairs and in the electron sample from identified 
photon conversions. 
From the number of Do’s we derive the number of semileptonic B decay electrons, 
using a CLEO measurement [16] of the combined branching ratio 
BeDo q B;sd - Doxf-‘) B(D” + K-x+) = 0.028 i 0.004. 
“,d -+ x’f- fi) (2) 
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The Do reconstruction efficiency, which takes into account kinematical acceptance, 
track-finding efficiency, and kaon decay in the CTC, is estimated to be 0.41!~0.02, using 
the Monte Carlo detector simulation. In deriving the number of inclusive semileptonic 
B decay electrons, we take into account the small difference in electron detection 
efficiency between the exclusive (B -+ e-CD”X, Do + K-x+) and the inclusive (B + 
e-c,Y’) modes. The b-quark production cross section is then derived using Eq. (1). We 
assume that only non-strange B-mesons contribute to the electron-D signal, and so 
the method measures the non-strange B-meson component of b-jets. By assuming that 
bottom hadrons are produced with the ratio B, : & : B. : Bboryon = 0.375 : 0.375 : 
0.15 : 0.10 [17], we find e( pp -+ bX; p$ > 19GeV/c, ]y*] < 1.0) = (364 & 80 * 95) nb, 
where the first uncertainty is statistical, and the second is systematic, including 13% 
uncertainty in the combined branching fraction Beno and other uncertainties common 
to the previous method. 
The results are shown in Figure 3, together with independent measurements using 
B* + J/$K* [la] and $(ZS) events [19]; the errors bars show the statistical and 
systematic uncertainties combined in quadrature. Also shown is the theoretical cal- 
culation by Nason, Dawson and Ellis [2] m next-to-leading order, with their estimate 
of the theoretical uncertainty arising from choices of the renormalization scale p, the 
bottom quark mass, and uncertainty in the proton structure through the choice of the 
QCD A parameter. The theoretical calculation is about 1.4 to 2.2 standard deviations 
lower than the central values for the electron data. 
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Figure Captions 
Figure 1: The ET spectrum of electron candidates, after removal of found conversions 
(crosses), and unseen conversions, fake leptons, and Drell-Yan backgrounds (points); 
the curves show the spectral shapes expected for b + c (solid) and c alone (dashed), 
normalized to the data at 10 GeV. 
Figure 2: K*rr invariant mass distributions for right sign and (inset) wrong sign pairs. 
Figure 3: The b-quark production cross sections measured using the inclusive electron 
rates and the e--D” rate. Also shown are other CDF measurements [18, 191 and the 
theoretical calculation by Nason, Dawson and Ellis [2]. 
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